Abstract. In the framework of the littlest Higgs model with T parity, we study the WH /ZH +q− and WH -pair productions at the CERN Large Hadron Collider up to the QCD nextto-leading order (NLO). The kinematic distributions of final decay products and the theoretical dependence of the cross section on the factorization/renormalization scale are analyzed. We adopt the PROSPINO scheme in the QCD NLO calculations to avoid double counting and keep the convergence of the perturbative QCD description. By using the subtraction scheme, the QCD NLO corrections enhance the leading order cross section with a K-factor in the range of 1.00 ∼ 1.43 for WH(ZH )q− production process, and in the range of 1.09 ∼ 1.22 for the WH pair production process.
Introduction
Although the standard model (SM) [1, 2] provides a remarkably successful description of high energy physics phenomena at the energy scale up to 100 GeV , it leaves a number of theoretical problems unsolved. Many extended models are proposed to deal with these problems such as grand unified theories [3] , supersymmetric models [4] , extra dimensions models [5] , left-right symmetric models [6] , B-L (baryon number minus lepton number) extended SM models [7] , little Higgs models [8] and many more. Each of these models has motivation to solve one or more of the problems that the SM encounters. Among them the little Higgs models deserve attention due to their elegant solution to hierarchy problem and are proposed as one kind of electroweak symmetry breaking (EWSB) models without fine-tuning in which the Higgs boson is naturally light as a result of nonlinearly realized symmetry [9] - [14] . The littlest Higgs (LH) model [15] , an SU (5)/SO(5) nonlinear sigma model [11] , is the most simplest version of little Higgs models, in which a set of new heavy gauge bosons (A H , W H , Z H ) and a vector-like quark (T ) are introduced to cancel the quadratic divergence contribution to Higgs boson mass from the SM gauge boson loops and the top quark loop respectively. However, this model predicts large corrections to electroweak precision observables and the scale of the global symmetry breaking f , is constrained by experimental data [12] , which set severe constraints on the new heavy particle masses and the model parameters. For instance, recent experimental measurements on the decay processes of W ∓ H → l ∓ (−) ν and Z H → l + l − provide the constraints of M W H > 2.18 T eV and M Z H > 1.83 T eV [16, 17] . These constraints would enforce the symmetry breaking scale f , which characterizes the mass of new particles, to be larger than 2.5 T eV and 3 T eV respectively. Consequently, the cutoff scale Λ ∼ 4πf becomes so large that calls for the fine-tuning between the electroweak scale and the cutoff scale again.
By introducing a discrete symmetry, the T parity, the littlest Higgs model with T parity (LHT) [18] - [22] offers a viable solution to the naturalness problem of the SM, and also predicts a set of new heavy fermions, gauge bosons as well as a candidate for dark matter. In the LHT, all the SM particles are T -even and almost all the new heavy particles are T -odd. Due to the different T parity quantum numbers, the SM gauge bosons cannot mix with the new gauge bosons in the LHT. This would alleviate the constraints from the electroweak precision tests and thus allows the scale f to be significantly lower than 1 T eV [21] . For instance, due to the T parity conservation, the processes
ν and Z H → l + l − are forbidden, and the only decay modes of these T -odd heavy gauge bosons are W H → A H W and Z H → A H H. In this case, the leptons are produced from the decays of W and H, but not from the heavy gauge bosons directly. Therefore, these T -even gauge bosons escape from the experimental constraints shown in Refs. [16, 17] . Furthermore, as a lightest T -odd particle, the heavy photon A H cannot further decay into other particles, and would be a good candidate for the dark matter [23] . Since the CERN Large Hadron Collider (LHC) has potential to detect the signals of new gauge bosons and fermions, the phenomenology of the LHT would be quite interesting and a number of phenomenological works has been presented [20, 24, 25, 26] .
In this paper, we present the QCD NLO corrections to the processes pp
The related LHT theory
Before our calculations, we will briefly recapitulate the LHT theory which is relevant to our work. The details of the LHT can be found in Refs. [18, 20, 21, 24] .
At some high scale f the global symmetry SU (5) is broken down to SO(5), leading to 14 massless Nambu-Goldstone bosons. Four of them are manifested as the longitudinal modes of the heavy gauge bosons. The other 10 decompose into a T -even SU (2) doublet h, identified as the SM Higgs field, and a complex T -odd SU (2) triplet Φ, which obtains a mass of m Φ = √ 2m h f /v SM , with m h and v SM being SM Higgs mass and the electroweak symmetry break scale, respectively.
The additional discrete symmetry, T -parity, is in analogy to the R-parity in the minimal supersymmetric standard model (MSSM) [18, 20, 22] . The T -parity transformations for gauge sector are defined as the exchange between the gauge bosons of the two SU (2) × U (1) groups, i.e., W a 1 ↔ W a 2 and B 1 ↔ B 2 . Thus their T -odd and T -even combinations can be obtained as
The mass eigenstates of the gauge sector in the LHT are expressed as
where s w = sin θ W , c w = cos θ W , s H = sin θ H , c H = cos θ H , θ W is the Weinberg angle, and the mixing angle θ H at the O(v 2 /f 2 ) is expressed as
, where q + is the doublet for the SM fermions and q − for their T -odd partners. We take the Lagrangian suggested in Refs. [18, 20, 21] to generate the masses of the T -odd fermion doublets,
where Ω = diag(1, 1, −1, 1, 1), Ψ c = (q c , χ c ,q c ) T , and the SU (5) multiplets Ψ 1 and Ψ 2 are expressed as
The interaction Lagrangian in Eq.(5) can be proofed to be invariant under T -parity, and T -odd quark doublet q − gets a Dirac mass withq c ≡ (id R − , −iu R − ) T from Eq.(5) expressed as [24] 
where the lower indexes U − = u − , c − , t − and D − = d − , s − , b − , which represent the T -odd heavy partners of the SM quarks, and κ is the mass coefficient in Lagrangian of the quark sector.
As we know in the LHT f > 500 GeV [29] , it is evident from Eq.(7) that the T -odd up-and down-type heavy partners have nearly equal masses. In order to avoid the large radiative correction to Higgs boson mass induced by top-quark loop, the top sector must be additionally modified. We introduce the following two multiplets,
where U L1 and U L2 are the singlet fields and the q 1 and q 2 are the doublets. Under the SU (5) and the T parity transformations, Q 1 and Q 2 behave themselves same as Ψ 1 and Ψ 2 .
In addition to the T -even SM top quark right-handed SU (2) singlet u R , the LHT contains two SU (2) singlet fermions U R1 and U R2 of hypercharge 2/3, which transform under T parity as
The T parity invariant Yukawa Lagrangian of the top sector can be written as
whereΣ = Σ 0 ΩΣ † ΩΣ 0 is the image of the Σ field under T parity, and i, j and k run over 1 − 3 and x and y over 4 − 5. The T parity eigenstates are constructed as
The T -odd states U L− and U R− combine to form a Dirac fermion T − , and we obtain the mass of the T − quark from the Lagrangian of Eq. (10) as
The left-handed (right-handed) top quark t is a linear combination of u L + and U L + (u R+ and U R + ), and another independent linear combination is a heavy T -even partner of the top quark T + :
where the mixing matrix elements are approximately expressed as
There we define
The t is identified with the SM top and T + is its T -even heavy partner. Then the masses of the top quark and T -even heavy top quark can be obtained as
The couplings of the T-odd SU (2) doublet quarks and gauge bosons to the T-even SM particles used in our calculations are listed in Table 1 [20, 30] , where (V Hu ) ij and (V Hd ) ij are the matrix elements of the CKM-like unitary mixing matrices V Hu and V Hd , respectively. The two mixing matrices satisfy V † Hu V Hd = V CKM [30] , therefore, they cannot simultaneously be set to the identity. In the following calculations we take V Hu to be a unit matrix, then we have
Renormalization and PROSPINO scheme
The strong coupling constant, the masses and wave functions of the relevant colored particles in the LHT are renormalized to remove the UV divergences of the virtual corrections. In our calculations, the following renormalization constants are introduced:
Interaction
Feynman rule Interaction Feynman rule Table 1 .
The related LHT Feynman rules used in our calculations, where
where g s denotes the strong coupling constant, m q − is the T-odd quark mass, ψ L,R q(q − ) and G µ denote the fields of the SM quark, T-odd heavy quark and gluon, respectively. The masses and wave functions of the colored fields are renormalized by adopting the on-shell scheme, then the relevant renormalization constants are expressed as
where
For the renormalization of the strong coupling constant g s , we adopt the M S scheme at the renormalization scale µ r , except that the divergences associated with the massive top-quark, Todd SU (2) doublet quarks (u − , d − , c − , s − , t − , b − ) and T ± loops are subtracted at zero momentum [31] . Then the renormalization constant of the strong coupling constant can be obtained as
In the calculation, we can find there are additional on-shell T-odd quark resonance in the real light-quark emissions. We adopt the PROSPINO scheme [32, 33] to remove them. The PROSPINO scheme is defined as a replacement of the Breit-Wigner propagator [33] 
where s V H q is the squared momentum flowing through the intermediate q − propagator.
4. Numerical results of pp → W H (Z H )q − + X process Due to the additional T-odd quark resonance in light-quark emission subprocesses, we apply three schemes in considering the QCD NLO corrections in this work. In scheme (I) (denoted as "QCD NLO I") we include all light-quark emission contributions in the QCD NLO corrections. In scheme (II) (denoted as "QCD NLO II") we exclude the contributions of the partonic processes of light-quark emission. The PROSPINO scheme for light-quark emission is used in scheme (III).
In the study of the dependence of the QCD NLO corrected cross section on the factorization and renormalization scales, we set the two unphysical scales equal to a common value (µ f = µ r = µ) and do not vary them in an independent way for simplicity.
We take one-loop and two-loop running α s in the LO and QCD NLO calculations, respectively [34] . The central value of the factorization/renormalization scale µ is chosen as µ 0 = (m W H + m d − )/2. We adopt the CTEQ6L1 and CTEQ6M parton densities with five flavors in the LO and NLO calculations, respectively [35] . The strong coupling constant α s (µ) is determined by the QCD parameter Λ LO 
4.1. Dependence on factorization/renormalization scale In Figs.1(a,b,c) and Figs.2(a,b,c) we present the LO, QCD NLO corrected cross sections and the corresponding K-factors for the pp → W H q − + X and pp → Z H q − + X processes as the functions of the factorization/renormalization scale at the LHC with √ s = 7 T eV and 14 T eV , respectively. In Figs.1(a,b) and Figs.2(a,b) the LHT input parameters are taken as f = 500 GeV and κ = 1, while in Fig.1(c) and Fig.2(c) we take f = 1 T eV and κ = 1. In these figures the curves labeled by "NLO I", "NLO II" and "NLO III" are for the QCD NLO corrected cross sections using the (I), (II) and (III) schemes, respectively. The figures show that by using the (II) and (III) subtraction schemes we can get almost the same and moderate QCD NLO corrections to the production rate with a strongly reduced factorization/renormalization scale uncertainty in the plotted range of µ, while the QCD NLO corrections using the scheme (I) do not obviously improve the scale dependence of the LO cross section and destroy the perturbative convergence in some range of µ. In the following analysis we set the factorization/renormalization scale µ as its central value
Dependence on LHT parameters
We depict the LO, QCD NLO corrected cross sections and the corresponding K-factors for the pp → W H q − +X and pp → Z H q − +X processes as the functions of f , the SU (5) global symmetry breaking scale of the LHT, at the LHC with √ s = 7 T eV and 14 T eV in Figs.3(a,b,c) and
Figs.4(a,b,c), respectively. In Figs.3(a,b) and Figs.4(a,b) the parameter κ is set to be 1, while in Fig.3(c) and Fig.4 (c) we take κ = 3. The curves labeled by "NLO I", "NLO II" and "NLO III" are for the QCD NLO corrected cross sections using the (I), (II) and (III) schemes, respectively. One can conclude from these figures that the cross section for the pp → W H (Z H )q − + X process decreases quickly with the increment of f , because the two final T-odd particles become heavier with the increment of f . However, in the plotted range of f we could have observable production rates for the pp → W H q − + X and pp → Z H q − + X processes, especially when κ = 1. 34] . The masses of all the SM leptons and quarks except top quark are neglected. The center-of-mass energies √ s of proton-proton collision are taken to be 14 T eV and 8 T eV for the future and early LHC, separately. We set the factorization and renormalization scale to be equal (µ r = µ f ) and define µ 0 = m W H . We employ CTEQ6L1 and CTEQ6M in the the LO and NLO calculations respectively [35] , and fix the LHT parameters κ = 1 and
Numerical results of pp
2 . In this work we only use the PROSPINO scheme to deal with the real-quark emission subprocesses. In Figs.5(a,b) we present the dependence of the LO, QCD NLO corrected integrated cross sections and the corresponding K-factor (K ≡ σ N LO /σ LO ) on the factorization/renormalization , we obtain that the scale uncertainties are reduced from 48.88% (LO) to 13.40% (NLO) at the √ s = 14 T eV and from 76.23% (LO) to 14.54% (NLO) at the √ s = 8 T eV LHC, respectively. In Table 2 We can obtain from the data that the QCD NLO correction part from H + X process decrease drastically when f goes up. This is because the mass of final W H becomes heavier as the increment of f , therefore the phase-space becomes smaller. We can read out from the figures that the corresponding K-factor varies from 1.22 to 1.10 at the √ s = 14 T eV LHC and from 1.17 to 1.10 at the √ s = 8 T eV LHC in the plotted f range.
Dependence on factorization/renormalization scale
In Table 3 , we list some numerical results of the LO, NLO cross sections and the corresponding K-factors for some typical values of f which are shown in Figs.6(a,b) . 
Summary
In this paper, we present the calculation of W H (Z H )q − and W H -pair productions at the √ s = 14 T eV and the √ s = 8 T eV LHC in QCD NLO. The dependence of the total cross section on the renormalization/factorization scale shows that the QCD NLO corrections can reduce significantly the uncertainty of the LO theoretical predictions. We also display the dependence of cross sections on global symmetry breaking scale f . The more calculation detail and numerical results were presented in Refs. [27, 28] .
